Lithium-ion rechargeable batteries (LIBs) have become essential for business, industry, and daily life. All-solid-state LIBs with incombustible solid electrolytes are expected as next-generation batteries that are safe, long lasting, and have high energy density. The electrochemical battery reactions commonly occur around the electrode/electrolyte interfaces on a nanometer scale; thus, local-scale analysis and observation are important to improve battery performance. Transmission electron microscopy (TEM) is an appropriate technique for such localscale analysis inside batteries. Here, we introduce two TEM techniques and explain the results of visualizing the dynamics of electrochemical reactions in all-solid-state LIBs. From the results using ex situ spatially resolved electron energy-loss spectroscopy and in situ electron holography, we reveal how Li-ions move in batteries and how they affect the crystal structures, electronic structures, and electric potential during the charge-discharge reactions. [
Introduction
Lithium-ion (Li + ) rechargeable batteries 1) (LIBs) are widely used for portable electronic-devices, such as laptop computers and cellular phones, and recently have begun to be loaded as power sources for fully electric and hybrid vehicles. 2, 3) In the near future, LIBs will be also used as energy storage devices for renewable energy, such as wind and solar power. Thus, LIB technology is essential to decrease our present overdependence on fossil fuel and reduce CO 2 emissions. Rechargeable batteries have been enthusiastically studied for improving battery performance. However, problems remain with common LIBs using a combustible liquid-electrolyte in terms of safety, reliability, life-time, cost, and energy density. All-solid-state LIBs with an incombustible solid-electrolyte have a high potential to solve such problems because they prevent leakage of the liquid and do not require an additional protection circuit for safety. Moreover, they can reduce the needless side-reactions at the electrode/electrolyte interfaces and use Li metal as an anode electrode, which improve the battery life cycle and cell voltage. 4) A serious problem with all-solid-state LIBs is the low power density that is mainly attributed to the large interfacial resistance of Li-ion transfer at the electrode/solidelectrolyte interfaces. Extensive research has been done to reduce resistance at the interfaces. 59) An effective technique is an in situ formation of electrode active materials from the parent solid electrolytes. 5, 1013) The electrodes and solid electrolytes are connected to each other on an atomic level, which improves Li-ion transfer. The in-situ-formed-electrodes were discovered in Li 2 O-Al 2 O 3 -TiO 2 -P 2 O 5 (LATP)based solid electrolytes 10, 14) (manufactured by OHARA Inc., 15) Japan). The electrode active materials were irreversibly formed by decomposing the negative-side solid electrolyte with excess Li insertion reaction. However, the formation mechanisms were not clear, for example, how and where the Li-ions were distributed, what changed in the crystal and electronic structures, and how the local potential changed during the formation. These electrochemical reactions commonly take place on a nano-meter scale, and visualizing such reactions leads to not only an understanding of the fundamental electrochemistry but also better battery performance. In this study, we used transmission electron microscopy (TEM) techniques, mainly electron energy-loss spectroscopy (EELS) and electron holography (EH), to visualize the electrochemical formation mechanisms of the in-situ-formedelectrodes. Through these TEM techniques, we show how we visualized battery reaction during the charge-discharge processes in a transmission electron microscope, and explain the unique results from ex situ EELS and in situ EH.
Materials and Methods

TEM sample preparation of all-solid-state LIBs for
in situ observation A schematic illustration of our LIB sample is shown in Fig. 1(a) . A 90-µm-thick Si-and Ge-doped LATP (LASGTP) sheet (ionic conductivity · = 10 ¹4 S cm ¹1 , by OHARA Inc., Japan) was used as the solid electrolyte. An 800-nm-thick film of a LiCoO 2 positive electrode was deposited on one side of the sheet by pulsed laser deposition. Then, a Au film as a current collector was deposited on top of the LiCoO 2 electrode by using a sputtering method. On the other side of the LASGTP sheet, a Pt film was directly deposited and used as a negative-side current collector. When the battery is in a charge state, the Li-ions extracted from the LiCoO 2 electrode charge around the negative-side Pt/LASGTP interfaces, which causes the irreversible decomposition of the LASGTP and forms the negative electrodes shown in Fig. 1(a) . 10) The interfacial resistance at the negativeelectrode/LASGTP was measured using an AC impedance method, about 100 ³ cm 2 , which is 40 times lower than that of the LiCoO 2 /LASGTP interfaces (4000 ³ cm 2 ). 13) To observe the battery reaction in the transmission electron microscope, small Cu plates were electrically connected to the Au and Pt films with a silver paste. One part of the negative side was thinned using a focused ion beam (FIB), then the sample was fixed on a TEM holder having two electrodes for applying the voltage from a voltammeter, as illustrated in Fig. 1(b) . 16, 17) Although the LASGTP sheet is waterproof, 15) it would be better not to expose the sample to as much air as possible. We used a glove bag with an Ar gas or an air protection TEM holder 18) for transferring the sample from the FIB system to the transmission electron microscope.
Spatially resolved electron energy-loss spectroscopy
in a TEM mode (SR-TEM-EELS) Electron energy-loss spectroscopy is a unique TEM technique to detect Li signals on a nano-meter scale. In this study, we applied a spatially resolved EELS in a TEM mode (SR-TEM-EELS) 19, 20) to simultaneously observe the Li profiles and electronic structure changes of the other important elements. Figure 2 (a) shows a schematic of the SR-TEM-EELS experiment. The collimated electron beams are uniformly illuminated to the sample in the TEM lens mode. Thus, we can see the common TEM image at the TEM observation window. The region around the negativeelectrode/solid-electrolyte interfaces were selected using a rectangular slit installed at the bottom of the TEM column, then the electrons passing through the sample were energydispersed using a magnetic prism in the EELS system. We adjusted the EELS lens system to line-focus the energydispersed plane along the y-direction on a 2D chargecoupled-device (CCD) camera ( Fig. 2(a) ). A typical spectrum image is illustrated in Fig. 2(b) . The horizontal and vertical axes indicate the electron energy-loss E and sample position in the y-direction, respectively. The white lines of zero-loss peak and other elemental spectrum peaks can be seen along the y-direction. The spectrum signals along the x-direction of the sample are integrated in the spectrum image when the electrons are line-focused using the EELS lenses. Thus, the rectangular slit needs to be inserted perpendicular to the negative-electrode/solid-electrolyte interface on the TEM image plane. When the Li concentration changes along the y-direction, the spectrum intensity of Li changes around an energy loss of 60 eV. Therefore, we can observe the onedimensional Li profile around the interface. When we record the spectrum images of the other elements, for example, the Ti and O included in the LASGTP, we can evaluate their electronic structure changes due to the Li insertion reaction.
A common EELS measurement with a scanning transmission electron microscope (STEM-EELS) provides twodimensional spectra. However, the focused electron beam easily damages the battery materials rather than the parallel electron beam, especially solid electrolytes having nonelectron-conductivity. Furthermore, the scan noise, beam tilting, and other external disturbances sometimes affect the spectra, which deteriorates the reliability of subtle chemical shifts in the spectra. In the SR-TEM-EELS, even if the energy of incident electrons is randomly changed by the external disturbances during the acquisition time of EELS images, all the spectra in the image shift together with the same shift values in the energy-loss direction. Therefore, this technique is more suitable to simultaneously observe the Li and subtle chemical shifts of Ti and O.
Electron holography for observing local electric-
potential Electron holography is a TEM technique to quantitatively observe electric and magnetic fields. This technique has been applied for imaging two-dimensional potential distribution in semiconductor devices 2124) and magnetic flux distribution in magnetic materials, 2529) but it has not been applied to battery materials. Electron holography requires two imaging processes to observe the electromagnetic fields: recording an electron A d v a n c e V i e w P r o o f s interference fringe pattern (hologram) of the sample and reconstructing the wave function from the hologram. The information of the electromagnetic fields is included in the phase term of the wave function. Figure 3 (a) illustrates the experimental setup to record the hologram in a transmission electron microscope. Coherent electron plane waves are illuminated to the thin area of the sample, and the waves are split into two parts by using an electron biprism. The object wave modulated by the electric potential in the sample and the reference wave passing through the vacuum interfere with each other beneath the biprism wire, and the holograms are recorded with the CCD camera. To reconstruct the object wave, the hologram is first processed by 2D Fourier transformation (FT), as shown in Fig. 3(b) . Second, one of the side-bands, corresponding to the FT of the object wave, is selected using a filter and shifted to the center of the image, then the side-band is applied by inverse FT. Finally, the object wave is reconstructed as a complex number matrix. 30) We note that the phase term of the reconstructed object wave includes not only the potential change due to the Li-ions but also the inner potential of the materials and electron charging of the solid electrolyte. Therefore, in our EH experiments, we numerically subtracted the phase value of the initial state (short-circuit) from that of the voltage-applied state because the inner potential and electron charging do not change by biasing the sample. The electric potential is proportional to the obtained phase value. To obtain the conversion rate from the phase to the potential, we measured the total phase value between the positive and negative electrodes by EH. The rate of 0.10 V/rad was obtained by dividing the applied voltage by the total phase value. 16, 17) 3. Results and Discussion 3.1 TEM analysis of crystal structure changes of in-situformed negative electrodes We first evaluated the crystal structures of the in-situformed negative electrodes by ex situ TEM analysis. 31) The LIB bulk sample was operated in a vacuum with a cyclic voltammetry mode. The voltage was swept between 0.0 and 2.0 V at 40 mV/min. After 50 charge-discharge cycles, a small piece was lifted out from the negative side of the sample by using a micro-sampling method in the FIB system (Hitachi, FB-2100) and thinned to a thickness of about 100 nm. Figure 4 Fig. 4(a) , respectively. Although the diffraction spots belonging to the basic crystal LiTi 2 (PO 4 ) 3 of the LASGTP were clearly observed in area "C", no spots were observed in area "B". This means that the in-situ-formed negative electrodes are amorphous active materials. Moreover, some cracks were also observed in the layer, as indicated in Fig. 4(a) . These cracks were formed near the AlPO 4 grains (white contrast) from elemental maps by energy dispersive X-ray spectroscopy (EDS), as shown in Fig. 5 . 31) The AlPO 4 is not a Li-ion conductive material; thus, the grains were physically pressured from the other Liinserted area. If the fabrication processes of the LASGTP materials are improved to not form AlPO 4 grains, LIB operation would be more stable and the interfacial resistance would further decrease.
Visualization of Li profile and electronic structure
changes by ex situ SR-TEM-EELS We conducted ex situ SR-TEM-EELS on the same TEM sample. 31) The area outlined with a dashed line in Fig. 4(a) was selected using the rectangular slit, and the SR-TEM-EELS images around Li K-edge, Ti L-edge, and O K-edge were recorded with the CCD camera. Figure 6 a power-law fitting. The Li signals were clearly observed inside the amorphous layer, showing evidence that the Li-ion conductive crystals included in the LASGTP were broken by the Li insertion reaction. Figure 6 (e) shows the relative Li concentration profile along line "A-B" indicated in Fig. 6(b) , where the average Li intensity I Li in the parent LASGTP was set to 1. The Li concentration gradually increased in the negative electrode. In Fig. 6(c) , clear chemical-shifts of Ti L-edge were observed. Figure 6 (g) shows the EEL spectra of Ti L-edge at lines "C-D" and "E-F" in Fig. 6(c) . The spectrum in line "C-D" (negative electrode) shifted to the lower energy-loss direction compared with that in line "E-F" (LASGTP solid electrolyte). Moreover, the spectrum in the negative electrode did not have shoulder structures, although the spectrum in the LASGTP had shoulders, as indicated by the arrows in Fig. 6(g) . These results show that Ti was reduced by the Li insertion from Ti 4+ to Ti 3+ in the negative electrode. The regions of Ti 3+ and Ti 4+ are designated on the Li profile in Fig. 6(e) . In the Ti 3+ region, the Li signals are step-like increases in the negative electrode. Therefore, we found that the level of Li concentration indicated by the blue arrow in Fig. 6 (e) was necessary to reduce Ti.
From the EELS image of O K-edge in Fig. 6(d) , the two main peaks "a" and "b" shifted to the lower energy-loss direction at the negative-electrode/LASGTP interface (skyblue dashed line), showing that the chemical shifts are related to the Li insertion reaction. Figure 6(h) shows the spectra of O K-edge along lines "G-H" (Ti 3+ region in the negative electrode), "I-J" (Ti 4+ region in the negative electrode) and "K-L" (Ti 4+ in the LASGTP). Peak "a" reflects the electron transitions from the O 1s-states to 2p-states by the incident electrons, and the O 2p-states are commonly hybridized with the transition-metal Ti 3d-state. 32 ) Some studies using X-ray absorption spectroscopy and first-principle calculation for LiTi 2 O 4 and (Li, La) TiO 3 battery materials have shown that the additional electrons due to the Li insertion reaction occupied the Ti-and O-hybridized orbit, suggesting that the O-ions also contribute to charge compensation for Li insertion/extraction reactions. 33, 34) Thus, the subtle chemical shift of peak "a" were probably related to the hybridization orbit. Moreover, the intensity of peak "a" in "I-J" is higher than that in "G-H", as shown in Figs. 6(d) and 6(h). Spectrum "I-J" was taken from the T 4+ region in the negative electrode where some of the Li-ions and electrons were extracted at the discharged state. The electrons were partially extracted from the Ti and O hybridization orbit. Therefore, the unoccupied state increased in the orbit, resulting in the higher intensity of peak "a".
Peak "b" in Fig. 6(d) resulted from the resonance scattering of ejected core electrons between neighboring O atoms, and one experimental equation was derived in some reports 32, 35, 36) as
where "E is the energy-loss difference between the spectrum threshold (529.0 eV) and peak "b" positions (see Fig. 6(h) ), and R is the average distance of the neighboring O-O atoms. From the above reports, the constant value was 2.820 (the unit of R is nm). Thus, we can obtain the O-O distances by measuring the values of "E in Fig. 6(d) . Figure 6 (f ) plots the average O-O distance R as a function of the distance d from the Pt/negative-electrode interface. Although the distance R was almost constant at 0.28 nm in the LASGTP region, it increased to about 0.31 nm as the Li concentration increased. The maximum difference in the distance R due to Li insertion was about 0.03 nm (30 pm) . This is also evidence that Li insertion leads to the expansion of LASGTP crystals, resulting in the formation of amorphous phases and cracks.
Visualization of electric potential changes by in situ
electron holography Electron holography enables local electric-potential distribution, as described in the Sub-section 2.3. In general, the Li-ion insertion reaction in electrodes initiates the potential decrease because the reduction of Li occurs at the lowest potential of ¹3.05 V, which is called the "standard electrode potential", where the value is commonly defined by the difference from the redox potential of hydrogen (H). Thus, the potential in the in-situ-formed negative electrodes decreases with the increase of the inserted Li. To observe the potential changes, we conducted in situ EH around the negative side LASGTP region shown in Fig. 7(a) . 37) Figure 7 (b) shows the macroscopic curve of the initial cyclic voltammetry measured in the transmission electron microscope. The sweep rate of the applied voltage V Au-Pt was 40 mV/min. The electrode potential of the positive LiCoO 2 electrode is 0.90 V 38) and that of the in-situ-formed negative electrode is about ¹0.75 V. 10) Therefore, the charge and discharge peaks appeared around 1.6 V, corresponding to the difference of those electrode potential values. The holograms around the negative side region were recorded at points (C)-(J) during the cyclic voltammetry mode, and the potential images were obtained from the reconstructed phase images. Figures 7(c) ( j) show the potential profiles at different voltages along line A-B in Fig. 7(a) . The horizontal axis indicates the distance d from the Pt/LASGTP interface and the vertical axis indicates the relative potential V inside against the flat potential level (set to 0 V). At 0.42 V, the charge current i was almost zero ( Fig. 7(b) ), so that a no-potential profile was observed, as shown in Fig. 7(c) , because the Liions did not charge around the observation area. As the applied voltage increased, the Li-ions started to charge from the Pt/LASGTP interface and the potential gradually decreased toward the interface (Figs. 7(d)(f ) ). As the applied voltage was swept down during the discharge states ( Figs. 7(g)( j) ), the gentle slopes on the right side of the thick arrows flattened compared with those in the charge states ( Figs. 7(d)(f ) ). Instead, a slightly lower potential (0.060.08 V) appeared in the region of 1600 nm. This region moved to the right direction while discharge proceeded. In contrast, the lower potential remained on the left side of the thick arrows, as shown in Figs. 7(g)( j). The remaining potential profile in Fig. 7 ( j) was similar to the Li profile detected by ex situ SR-TEM-EELS ( Fig. 6(e) ). Therefore, this region is the in-situ-formed negative electrode, and EH enabled the detection of the potential decrease due to the Li insertion reaction. The interface between the negative electrode and solid electrolyte indicated by the thick arrows can be seen in Fig. 7(d) as a different slope around the interface. Thus, the width of the negative electrode region was determined since the Li-ions started to charge. The slightly lower potential observed in the 1600-nm-region in Figs. 7(g)(i) might be a much lower Li concentration distribution, which would be undetectable by EELS in our experience. We think that EH is more sensitive to detect Li profile than EELS, because the electrode potential commonly changes with small Li insertion/extraction in battery materials and EH can adequately detect the potential changes. Further experiments of EH and EELS would be necessary to prove it scientifically.
Future Roles of TEM Techniques for Electrochemical Energy Materials
The advantage of TEM observation is that we can directly evaluate the nanometer-scale characteristics of electrochem- cleaning FIB-damaged layers, transferring a sample without exposing it to air, and reducing damage to a sample due to electron irradiation. Furthermore, for observing batteries with liquid-electrolytes, some specialized TEM and/or TEM holders are necessary so as not to evaporate the liquid in the vacuum. 39, 40) Since such TEM techniques have improved, the use of in situ TEM observation would spread not only for LIBs but also for other electrochemical devices such as fuel cells and electric double layer capacitors. From electrochemical researchers' viewpoints, the important information is the comparison between the local observation and macroscopic properties, i.e., charge-discharge curves. We demonstrated in situ EH observation with cyclic voltammetry property in a transmission electron microscope. This evaluation method may provide useful feedback to improve batteries and contribute to the research and development of nextgeneration batteries.
Conclusions
In this overview paper, we explained TEM analytical results for visualizing the electrochemical reactions in all- solid-state LIBs. The in-situ-formed negative electrodes had amorphous structures resulting from the Li insertion reaction. The ex situ SR-TEM-EELS showed simultaneous observation of Li concentration profile, Ti 3+/4+ redox reaction, and atomic expansion of O-O distances around the negativeelectrode/solid-electrolyte interfaces. The in situ EH provided the electric potential changes due to the Li insertion/ extraction during the cyclic voltammetry mode, showing the dynamical behavior of the electrochemical reaction. These ex situ and in situ TEM analysis revealed the formation mechanism of the in-situ-formed negative electrodes. Such electrochemical behavior probably occurs in other battery materials. We believe that the TEM analysis may contribute to the innovation of rechargeable batteries and spread to other electrochemical fields.
